Background: Intrauterine growth patterns are influenced by maternal thyroid function during gestation and by fetal sex. It is unknown, however, whether the relationships between maternal thyrotropin (TSH) and free thyroxine (fT4) levels in early pregnancy and fetal growth outcomes are modified by fetal sex.
B
irth weight and intrauterine growth restriction (IUGR) are markers for fetal growth and development in utero, which can have lifelong effects on offspring health (1) . Therefore, identification of factors that influence birth weight and IUGR are clinically relevant. One maternal factor that may impact these outcomes is thyroid function. Thyroid disorders are particularly common in women of reproductive age and, as such, are often encountered during pregnancy (2) (3) (4) . Additionally, changes in thyroid hormone metabolism is a normal consequence of pregnancy due to increases in thyroid-binding globulins, as well as the thyrotropic effects of human chorionic gonadotropin and alterations in the expression of enzymes involved in thyroid metabolism (5, 6) .
Both overt hyperthyroidism and hypothyroidism have been related to adverse pregnancy outcomes such as perinatal death and premature birth (2, 3, 5, 7) . However, it is debated in the literature that subclinical abnormalities in thyroid hormones, particularly thyrotropin (TSH) and free thyroxine (fT4), may also contribute to disadvantaged pregnancy outcomes, including alterations in fetal growth (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Women with subclinical hypothyroidism (SCH), represented by elevations in TSH with euthyroid fT4, are more likely to give birth to infants suffering IUGR and low birth weight (8) . Additionally, women with normal TSH levels, but with fT4 levels ,2.5th to 5th percentile (hypothyroxinemia) or .95th to 97.5th percentile (hyperthyroxinemia) also have babies with altered growth. In these cases, women with hypothyroxinemia have babies with higher birth weight and have an increased risk of macrosomia, whereas those with hyperthyroxemia have babies with lower birth weight (4, 13, 14) . Finally, within women whose TSH and fT4 are both considered within a normal range, fT4 is inversely associated with birth weight and has been related to an increased risk of small for gestational age (SGA) infants (3, 8, 11) . There remain, however, some inconsistencies in the literature (8, (17) (18) (19) , thus warranting further investigation into this topic.
In addition to maternal thyroid function, fetal sex also impacts intrauterine growth. Male fetuses grow faster than female fetuses and are more likely to be macrosomic, whereas females are more likely to suffer IUGR (20, 21) . However, the rapid growth of male fetuses means that exposure of their embryonic cells to maternal hormone abnormalities is greater than females, and thus disturbances in maternal thyroid metabolism may affect male fetuses to a greater extent (20) . Additionally, the female placenta appears to be more resilient to insults than the male placenta, suggesting that maternal biological imbalances that affect fetal growth may affect male fetuses differentially (20) . Currently, no literature exists regarding whether sex modifies the relationship between maternal thyroid profile and offspring birth weight and IUGR. Therefore, this study investigated whether maternal thyroid hormone status, within euthyrotic ranges, was associated with birth weight and intrauterine growth patterns and whether this association was modified by fetal sex.
Methods

Subjects
Data were obtained from the Amsterdam Born Children and Their Development (ABCD) Study, a prospective cohort study of pregnant women (22) . All pregnant women living in the city of Amsterdam were invited to participate at their first prenatal screening between January 2003 and March 2004. Of 12,377 pregnant women invited, 8266 women agreed to participate (response rate, 67%). These women received a pregnancy questionnaire at their home address 2 weeks after their first antenatal visit. The questionnaire contained questions about demographics, health, medication, and lifestyle factors. Additionally, 4389 women provided informed consent for blood collection during their first visit. This collection was completed, on average, during the median 13th week of gestation [interquartile range (IQR), 12 to 14]. TSH and fT4 measurements were available for 4204 participants. From this starting cohort we excluded 64 women in whom blood sampling occurred after the 27th week of pregnancy (third trimester). Of the remaining, we excluded 60 women who gave birth to twins and 57 cases of perinatal death. We also excluded 32 women who used thyroid-modifying medication (16) . Of the 3996 women who remained in the study, we excluded eight from which fetal sex was unknown, leaving 3988 women for analysis (Fig. 1) . The study protocol was approved by the Medical Ethical Committees of all Amsterdam hospitals and the Registration Committee of Amsterdam, and all participants provided written, informed consent.
Baseline characteristics
Information on demographic, medical history, medication, and lifestyle characteristics were obtained from the pregnancy questionnaire. Smoking status during pregnancy, parity, age, maternal height, education level, ethnicity, and prepregnancy body mass index (pBMI) were determined from this selfreported information. Smoking was dichotomized into yes or no and parity into primiparous and multiparous. Ethnicity was based on the country of birth of the pregnant women and categorized into: Dutch, Surinamese, Turkish, Moroccan, and other. Educational attainment was based on the years of education after primary school, and pBMI was based on the length and weight of the mother before pregnancy. Missing values on maternal height (3.4%) and weight (9.5%) were imputed by means of a random imputation method using linear regression (23) . Alcohol use during pregnancy was not included in the analysis due to the very low levels of alcohol use among the pregnant women in our study population.
Hypertension (none, preexistent, or gestational hypertension) and diabetes mellitus (none, preexistent, or gestational diabetes) were based on self-reported information from the questionnaire and supplemented with information from the national perinatal registry, where data were gathered by a trained health care provider (24) . This registry was linked to the ABCD Study by probabilistic record linkage (25, 26) . Validation has shown close to perfect results for these variables (25) .
Assays
Serum TSH, fT4, and antibodies against thyroid peroxidase (TPO-Abs) were assayed. TSH (reference range, 0.34 to 5.60 mU/L) and fT4 concentration (reference range, 7.5 to 21.1 pmol/L) were measured using an Access Immunoanalyzer (Beckman Coulter Inc., Fullerton, CA). The interassay variation for TSH was 5.0% and 3.1 to 5.0% for fT4. TPO-Abs were determined by enzyme-linked immunosorbent assay ELIZEN TG Ab (E-CK-96; ZenTech, Luik, Belgium). A TPO-Ab concentration of .80 kU/L was considered positive. The interassay variation was 13.4%.
Outcomes
The primary outcome was neonatal birth weight (in grams) of live-born, full-term neonates (gestational duration $ 37 weeks). Information on birth weight, gestational age, and fetal sex were obtained from the Youth Health Care Registration of Amsterdam's Municipal Health Services. The gestational duration (in weeks and days) was based on ultrasound or, when not available (,10% of ABCD cohort), on the first day of the last menstrual period, which was calculated by the obstetric care provider.
Additional outcomes of interest were delivery of either an SGA or large for gestational age (LGA) infant. SGA was defined as a birth weight for gestational age ,10th percentile and LGA as birth weight for gestational age .90th percentile on the basis of sex and parity-specific standards from a Dutch population (27) .
Statistical analysis
The blood samples were not taken at the same gestational age for all women. Because thyroid function physiologically changes during the course of gestation (28), we standardized the values for fT4 and TSH to the median gestational age (91 days) at blood sampling. In our population, the fT4 values slightly linearly increased with 0.029 pmol/L per gestational day, and TSH decreased with 0.004 mU/L per gestational day. fT4 and TSH levels were analyzed both as continuous variables and also divided into quintiles for comparison with the previous literature and to determine possible nonlinear relationships. Women were also categorized as having SCH (TSH . 2.5 mU/L) or a healthy thyroid state (19) . A descriptive analysis of mean fT4 and TSH levels for all maternal and infant covariates was performed by using analysis of variance.
Multiple regression models were built to explore the relationship between either TSH or fT4 levels and neonatal birth weight. The first model (model 1) included pregnancy duration and the quadratic form of pregnancy duration to account for the nonlinear relationship between pregnancy duration and birth weight. In the second model (model 2) we adjusted for physiological covariates (maternal age, maternal height, parity), environmental covariates (education level, smoking during pregnancy, pBMI), and medical history covariates (diabetes mellitus, hypertension, positive TPO-Abs). Logistic regression analyses were performed with the same hierarchical models to estimate the relationship between either fT4 or TSH level as the determinant and either SGA or LGA as the outcome. Analyses were conducted separately for boys and girls to investigate sex differences. Additionally, unstratified analyses were completed to allow testing for interaction with sex. Interaction was tested by comparing a model that included an interaction term for sex with a model that only included sex as a covariate. These models were compared using the likelihood ratio test. If the model with an interaction term differed significantly from the model without interaction, the Akaike Information Criterion values of both models were compared to see which model fit the relationship better.
Finally, nonlinearity was formally investigated using restricted cubic spline modeling. Models were investigated for significant deviations from linearity using analysis of variance, and the best fitting model was determined using the likelihood ratio test and Akaike Information Criterion values. No significant deviations from linearity were observed in the unstratified analysis.
All statistical analyses were performed using SPSS version 15.0 and the statistical package R 2.13.1. P values of ,0.05 were considered statistically significant.
Results
The mean maternal age of the study sample was 31.0 years [standard deviation (SD), 4.8], and 58% of the women were nulliparous. Median TSH and fT4 levels were 1.15 mU/L (IQR, 0.75 to 1.68) and 9.58 pmol/L (IQR, 8.81 to 10.38), respectively. Of our study sample, 5.7% of women were TPO-Ab + . Delivery took place at a mean of 39.4 weeks, and mean birth weight was 3454 g (SD, 565.0).
Lower standardized maternal fT4 levels were observed in women who smoked during pregnancy, were positive for TPO-Abs, had higher pBMIs, suffered from gestational hypertension or diabetes, or had lower education levels ( Table 1) . Lower TSH levels were present in women ,25 and .35 years of age, as well as in women who were multiparous, had lower levels of education, and were from Surinamese, Moroccan, or other ethnic backgrounds. Women who tested positive for TPO-Abs had significantly higher TSH levels (Table 1) .
Birth weight
We observed a negative linear relationship between maternal fT4 values and birth weight (Supplemental Fig. 1) . In model 1 (corrected for gestational age and duration of pregnancy), the birth weight decreased by 35.8 g [95% confidence interval (CI), 50.2 to 221.4] in boys and by 17.6 g (95% CI, 232.3 to 22.9) in girls for every unit increase of fT4 levels. After complete Table 2 ].
In the unstratified analysis, there was a trend toward interaction with sex (P = 0.10). In the analysis of fT4 in quintiles, women with the highest fT4 levels (quintile 5) gave birth to boys with significantly lower birth weight than did mothers in the lowest quintile (quintile 1) (mean estimated difference, 2118.3; 95% CI, 2179.1 to 257.5). This association was not found in girls (Table 2) . Maternal TSH levels were not associated with an increase in birth weight in either sex (Table 2) .
SGA and
LGA Neither maternal fT4 nor TSH levels were associated with delivery of an SGA infant in either sex (Table 3) . However, a 1 U increase in fT4 was associated with decreased odds for delivery of a LGA infant in boys, which remained unaltered after adjustment (OR, 0.79; 95% CI, 0.69 to 0.90) ( Table 4 ). There was a trend toward interaction with sex in the relationship between fT4 and LGA (P = 0.12). Women with the highest fT4 levels (quartile 5) had a significantly lower odds of having an LGA male baby, compared with the lowest quintile (OR, 0.38; 95% CI, 0.22 to 0.63). A similar relationship was not observed in girls. In the unadjusted models, there were increased odds for LGA in boys exposed to higher maternal TSH levels and a trend for increased odds of LGA in girls exposed to higher maternal TSH levels. Correction for confounding rendered these associations nonsignificant (Table 4) . SCH was present in 293 (7.3%) of the women. Results showed that male infants whose mothers had SCH had increased odds for LGA and had significantly higher birth weights, compared with infants from mothers without SCH (Table 5 ). Similar relationships were not observed in female infants. A trend toward interaction with sex was observed in the relationship between maternal SCH and infant birth weight (P = 0.15), whereas interaction was not observed in the relationship with LGA (P = 0.33).
Discussion
In this study, we observed a significant inverse relationship between maternal fT4 in the first term of pregnancy and offspring's birth weight regardless of sex, with a stronger relationship in male newborns. Additionally for male infants, maternal SCH in the first term of pregnancy was found to increase the odds for LGA and was positively associated with increased birth weight, whereas increasing maternal fT4 was associated with lower odds of LGA in male infants.
In line with our observations, various studies have shown a comparable association between abnormal thyroid status and alterations in fetal growth patterns (2, 5, 7-15). Women without a clinically overt hypothyroidism, but who have either SCH or hypothyroxinemia, appear to give birth to babies with altered birth size and birth weight. One study showed that babies born to mothers with hypothyroxinemia appear to be at increased risk for SGA (15) , and two other studies showed these babies had higher birth weights than did babies with euthyroid mothers and were more likely to be macrosomic (.4000 g) (13, 14) . Screening and intervention of SCH in a randomized study in China revealed reduced risk of fetal macrosomia compared with standard care (4). Finally, Casey et al. (17) observed no relationship between hypothyroxinemia and birth weight-related outcomes.
The impact of maternal SCH and hypothyroxinemia (low fT4) on fetal growth and birth weight is not consistent. Some studies have not observed any relationships between SCH and birth weight-related outcomes (14, 18) , whereas Chen et al. (9) observed increased risks for IUGR and low birth weight infants born to women with SCH. Su et al. (15) observed that infants exposed to maternal SCH had smaller heads and shorter birth lengths. We did observe an inverse relationship for hypothyroxinemia and birth weight, but in maternal SCH, we only observed an increased risk for LGA male infants, with no relationship in female infants. In our study, it appears that male fetuses suffer more from exposure to fT4 elevations. The mechanism behind this is not easy to explain with the current knowledge. Male fetuses are known to grow faster than females (20) ; perhaps the more rapidly dividing male cells are exposed to more Model 1 was adjusted for gestational age at blood sampling and duration of pregnancy (linear and quadratic term). Model 2 was adjusted for model 1 plus maternal height, parity, ethnicity, educational level, smoking, pBMI, diabetes, hypertension, and anti-TPO positivity. a P , 0.05.
b P , 0.001.
doi: 10.1210/jc.2016-3452 press.endocrine.org/journal/jcemmaternal fT4 early in development, with later influence on final size attainment. Our observations should be considered as hypothesis generating, and future (randomized intervention) studies will be needed to evaluate whether our observed fetal sex-related differences will display serious clinical impact. What is more consistent from the current literature is that elevations in fT4 in otherwise euthyroid women contribute to smaller birth weight. Haddow et al. (10) showed that euthyroid women with fT4 in the highest quintile gave birth to children with a lower birth weight, but without a negative effect on birth outcome. The Generation R study showed that higher maternal fT4 in euthyroid pregnancies was also associated with lower birth weight and an increased risk of SGA newborns (3, 11) . Another recent study provided insight into the direct toxic effects of excessive thyroid hormone during pregnancy. In mothers who had genetic thyroid hormone resistance due to a mutation in the thyroid receptor, high levels of thyroid hormones were observed during pregnancy. The infants born to these women who did not have the thyroid receptor mutations had significantly lower birth weights, whereas infants with the receptor mutation had normal birth weight (29) . These results suggest a direct effect of thyroid hormones on intrauterine development, and this is in line with the recent public attention by the World Health Organization for supplemented use of iodine in pregnancy and lactation (30) . Indeed, a prior study by Rydbeck et al. (31) reported a sex-specific growth pattern when maternal urinary iodine concentration was ,1 mg/L. However, this significant association with maternal urinary iodine concentration for fetal growth was only found in male fetuses, as we did in our study. These authors could not explain this sex-specific growth difference. In recent European studies, a maternal iodine insufficient state is frequently observed during both pregnancy and lactation, negatively affecting the maternal thyroid state by decreasing T4 release and subsequently increasing TSH levels as iodine deficiency worsens (32) . The availability of sufficient iodine is therefore an important factor, and this could be one of the explanations in our cohort. However, we did not measure maternal urinary iodine concentration; however, in a similar Dutch cohort the prevalence of iodine deficiency is reported as being 12.3% of their total population (33) . This study was limited by some of the measurements used. In all literature regarding maternal thyroid metabolism during pregnancy, there is concern about the validity of assays used for the analysis of fT4 and TSH. Unfortunately, the large sample size analyzed in this study did not permit us to use more laborious and extensive techniques. However, a recent analysis showed strong similarities between the most commonly used analytical methods and reference levels in early pregnancy (34) . Another limitation of this study is that there was no opportunity to investigate associations with free triiodothyronine, the principal bioactive thyroid hormone, because this was not measured in the ABCD study cohort. Therefore, we cannot investigate whether there were any T3-T4 conversion effects. In future studies, we will aim to also analyze the relationships between free triiodothyronine and fetal growth.
This study benefited from a large sample size, allowing for stratified analysis of outcomes by sex. This study also investigated a multiethnic population, allowing for generalizability to a wider population.
Conclusion
Early maternal fT4 levels in euthyroid women are inversely associated with birth weight, for both female and male newborns. The relationship is stronger in male infants. Maternal subclinical hypothyroidism appears to increase the odds for LGA in male newborns, although additional research is necessary to confirm these findings. Our observations suggest dimorphism between sex in fetal intrauterine growth may be partially dependent on maternal thyroid metabolism in early pregnancy. 
